To achieve high packing density in on-chip photonic integrated circuits, subwavelength scale nanolasers that can operate without crosstalk are essential components. Metallo-dielectric nanolasers are especially suited for this type of dense integration due to their lower Joule loss and nanoscale dimensions. Although coupling between optical cavities when placed in proximity to one another has been widely reported, whether the phenomenon is induced for metal-clad cavities has not been investigated thus far. We demonstrate coupling between two metallo-dielectric nanolasers by reducing the separation between the two cavities. A split in the resonant wavelength and quality factor is observed, caused by the creation of bonding and antibonding supermodes. To preserve the independence of the two closely spaced cavities, the resonance of one of the cavities is detuned relative to the other, thereby preventing coupling. Future integrated photonic chips would necessitate coherent light sources with ultra-compact footprints and low power consumptions. Many efforts have already been made to realize such subwavelength scale nanolasers, albeit the emitters have been implemented based on a myriad of cavity designs, including those based on photonic crystal [1-3], metallo-dielectric [4] [5] [6] [7] , coaxial metal [8], and plasmonic cavities or spasers [9] [10] [11] . Usually, shrinking the size of the resonator in all three dimensions leads to a spatial spreading of the optical mode beyond the resonator's physical boundaries which induces an increase in optical loss and threshold. In metallo-dielectric nanolasers, this limitation is overcome by cladding the active medium with a combination of a dielectric shield and metal layer [5] . The metal cladding helps confine the optical mode to the high index active core, thereby increasing the mode-gain overlap while the dielectric shield pushes the electromagnetic mode away from the metal walls, thus reducing the mode-metal overlap and, hence, the Joule loss. Additionally, the metal should also aid in isolating the electromagnetic field inside each resonator from the surrounding environment. Whether the isolation provided can prevent crosstalk between optical components for purposes of dense integration on chip, however, is yet to be explored to the best of our knowledge.
Future integrated photonic chips would necessitate coherent light sources with ultra-compact footprints and low power consumptions. Many efforts have already been made to realize such subwavelength scale nanolasers, albeit the emitters have been implemented based on a myriad of cavity designs, including those based on photonic crystal [1] [2] [3] , metallo-dielectric [4] [5] [6] [7] , coaxial metal [8] , and plasmonic cavities or spasers [9] [10] [11] . Usually, shrinking the size of the resonator in all three dimensions leads to a spatial spreading of the optical mode beyond the resonator's physical boundaries which induces an increase in optical loss and threshold. In metallo-dielectric nanolasers, this limitation is overcome by cladding the active medium with a combination of a dielectric shield and metal layer [5] . The metal cladding helps confine the optical mode to the high index active core, thereby increasing the mode-gain overlap while the dielectric shield pushes the electromagnetic mode away from the metal walls, thus reducing the mode-metal overlap and, hence, the Joule loss. Additionally, the metal should also aid in isolating the electromagnetic field inside each resonator from the surrounding environment. Whether the isolation provided can prevent crosstalk between optical components for purposes of dense integration on chip, however, is yet to be explored to the best of our knowledge.
The observation of coupling between non-metal based optical cavities when placed in proximity of each other has been widely reported in a host of systems such as photonic crystal nanocavities [12, 13] , photonic molecule microdisk lasers [14] [15] [16] [17] [18] , microring lasers [19, 20] , ridge lasers [21] , and porous silicon based microcavities [22] . Though coupling can rely on varying types of physics to occur, the most commonly reported form is based on evanescent interaction between the electromagnetic fields of the individual resonators which results in a characteristic splitting of the observed optical modes in both frequency and loss [12, 14, 17, 18, 23] . This bifurcation arises due to the presence of bonding and anti-bonding states in the coupled system, the latter of which generally exhibits lower losses and, hence, becomes the lasing mode. These supermodes can then give rise to new functionalities, for instance such as possible use in memory due to bistable behavior exhibited by the anti-bonding mode [12, 18] . However, for nanoscale devices, if the primary goal is to achieve high packing density for on-chip design, it is essential that the individual cavities composing the coupled system can operate independently from one another. This would allow one laser to be operated or modulated without interfering in its neighbor's emission behavior. Since metal-clad nanolasers are ideally suited for this type of dense integration due to their subwavelength and nanoscale dimensions, whether coupling is induced when two such devices are designed near one another needs to be investigated.
In this Letter, we report the effect of gradually reducing the separation between two metallo-dielectric nanolasers using three-dimensional finite-element method simulations. In contrast to expectations that the metal should inhibit coupling, a splitting of the optical modes in both the resonance wavelength, λ, and quality factor, Q, is observed for the coupled metallo-dielectric nanolaser system akin to what is reported in coupled microcavities [14, 20] . The split is caused by the creation of bonding and anti-bonding states, as the distance between the dielectric shields of the nanolasers is decreased. Since the two nanoresonators share the same metal cladding, it is not possible to engineer any changes in the metal coating for one without affecting the other. Therefore, a method is presented whereby slight detuning of one of the cavity resonances can prevent the phenomenon of coupling from occurring and, thereby, preserve the independence of the two nanolasers. Figure 1 shows a representative schematic of the dual-cavity system to be simulated. The gain medium is composed of bulk InGaAsP modeled with a height of h InGaAsP 300 nm, radius r InGaAsP 225 nm, and permittivity of ε gain 11.56 [5] . Each gain was conformally cladded with SiO 2 of height h SiO2 100 nm, selected to minimize the gain threshold of the nanolaser. Additionally, an airgap of h Air 400 nm height, below the gain layer, was designed to provide optimal mode confinement. Finally, the cavities were covered with a 1 μm layer of Ag. The permittivities for the SiO 2 , air, and Ag material layers were taken to be ε dielectric 2.16, ε air 1, and ε silver −130 − 3i [24] , respectively, with the values chosen considering the eigenmode wavelength supported by the nanocavity design (around 1.55 μm) and assuming room temperature operation.
To study the effect of reducing the separation, d , between the dielectric shields of the two cavities composing the dual system, we first consider two cases-when the cavities are far apart at 90 nm and when they are in contact at 0 nm. For each separation distance, the electric field intensity across a two-dimensional side and top cross section of the gain was recorded. Figure 2 illustrates the side and top profiles of the magnitude of the electric field of the TE 011 mode supported by each nanocavity for the two separations mentioned. For the case of d 90 nm, the metal between the two cavities prevents the electromagnetic fields inside each resonator from interacting with one another. In other words, the evanescent field from each cavity is allowed adequate space to decay exponentially due to damping by the metal, thereby producing little to no interaction of fields in the metallic region. This isolation can be clearly seen in Fig. 2(a) , where the two identically sized cavities support the same resonant modes, but there is no interaction between the two TE 011 modes. However, for smaller d , and taking the extreme case of when d 0 nm as in Figs. 2(b) and 2(c), two new optical modes are observed due to increased evanescent coupling between the two cavities.
The bonding state, shown in Fig. 2(c) , demonstrates poor confinement of the mode to the gain media of the two resonators with a significant portion of the field interaction seen to be occurring in the dielectric shields. In contrast, the anti-bonding state in Fig. 2(b) still shows the mode to be strongly confined to the gain medium of each resonator. In fact, the mode profile of the anti-bonding state is nearly identical in appearance to when the cavities support independent modes of their own when designed far apart, as seen in Figs. 2(b) and 2(a), respectively.
To further elucidate the impact of coupling between the two cavities, d was varied in an eigenfrequency solver module of COMSOL Multiphysics. The eigenmode wavelength, λ, and quality factor, Q, for the modes supported by the system are calculated for each d . As seen in Fig. 3(a) , the wavelengths for the two modes supported by the system are nearly identical to each other when the two cavities are placed far enough apart; the same can be said for the quality factor shown in Fig. 3(b) . Therefore, only intercavity spacings up to 60 nm are plotted for better contrast. In fact, this behavior is expected, since the modes supported in these high-separation designs are a pair Fig. 2(a) . At larger d, the two cavities are essentially independent of one another, despite supporting almost the same resonant frequencies. As the nanocavities are brought closer together, two new states emerge-an anti-bonding and bonding state, as depicted in Figs. 2(b) and 2(c), respectively. The cavity resonant wavelength and quality factor for the bonding state are higher and lower, respectively, than those for the individually isolated cavity mode. Conversely, for the anti-bonding mode, the λ and Q are lower and higher than the same parameters of an isolated cavity mode. Consequently, a split, which can be visibly discerned at around d 50 nm in Fig. 3 , arises in these two parameters of the new supermodes as d is decreased. To better delineate the coupling and non-coupling regions, the ratio between Δλ, which represents the difference between the two eigenmode wavelengths, and the resonance width of an isolated cavity mode can be calculated. Doing so reveals that the ratio sharply increases from 0.82 at 50 nm to 1.38 at 40 nm, indicating onset of coupling as d decreases below 50 nm since the ratio starts exceeding one. This signifies that the split in resonant wavelengths now starts becoming much greater than the resonant width for an isolated cavity mode. Coupling is most pronounced when the SiO 2 shields of the cavities contact each other at d 0 nm. Hence, the difference in λ and Q between the bonding and anti-bonding eigenmodes is maximum at this point with values of Δλ 14.6 nm and ΔQ 1347.
Since the simulated nanocavities are purposed for lasing, observing the change in parameters such as the λ and Q does not provide any helpful insight on how coupling can affect the likelihood for lasing. Therefore, the gain threshold, g th , is calculated with the equation
where n g is the group refractive index, and Γ is the electromagnetic mode confinement factor [6] . The material gain spectrum is not considered, assuming that the high carrier density required to pump the devices would produce negligible difference between the gain experienced by the bonding and anti-bonding supermodes. Instead, just the g th is used which encompasses all three parameters, λ, Q, and Γ, that undergo significant change as d nears 0 nm. Figure 3(c) shows that for the bonding mode, the threshold increases exponentially as the resonators are placed closer together. The stark contrast between the lasing tendencies of the bonding and anti-bonding modes is evident when, for d 0 nm, the difference in the respective gain thresholds of the supermodes is found to be Δg th 217 cm −1 . The split in the resonant wavelength of emission as the cavities are designed closer together is a signature of coupling as reported for both micro- [14] [15] [16] [17] [18] 22] and nanoscale structures [12, 13] . In fact, an exponential rise in Δλ for the coupled system is observed as the separation between resonators is reduced [14, 20] . This exponential behavior can be seen in Fig. 3(a) for d close to 0 nm. When placed far enough apart, however, there is no coupling between the metal-clad cavities, and the modes supported in the individually isolated resonators are independent of one another as has also been observed for coupled photonic molecules [14] [15] [16] [17] [18] 22, 23] . Additionally, the new bonding supermodes created during coupling between cavities generally incur higher losses [14, 17, 18, 23] . Thus, the bonding mode demonstrating a lower Q and, hence, a higher λ (due to lower energy) than its anti-bonded counterpart, as seen in Figs. 3(a) and 3(b) , is in line with the expected behavior from a coupled system [25] . The slight asymmetry in the two modes supported by the metallo-dielectric cavities is caused by the bonding mode having a significant overlap with the dissipative metal, while the anti-bonding mode has a minimal overlap with the metal as d decreases to 0. Consequently, the dissimilarity in the dissipative losses experienced by the two supermodes results in an asymmetric split.
Though coupling is generally sought after, in the case that a bifurcation of states is not desirable, methods must be introduced to control or at least mitigate the coupling between cavities. For non-metal based cavities, coupling can be reduced through various means. The region between the resonators itself, which can act as a barrier for coupling, can be altered by increasing its size, for instance, as in photonic crystal microcavities, thereby reducing the mode interaction needed for coupling [23, 26] . One cavity can also be detuned dynamically from its neighbor via thermal or carrier effects [13] . In contrast, for the nanocavities simulated in this Letter, the common metal shield covering both the resonators makes the above techniques less feasible to implement. Any attempt to independently control one cavity or engineer changes in its cladding is rendered futile, since the changes will affect the other cavity as well via the shared metal coating.
In this scenario, one possible way to curb the evanescent field interaction outside the gain media is to detune the resonances of the cavities relative to each other. By incorporating slight changes in the physical dimensions of one of the cavities in the dual-cavity system, eigenmodes for the altered cavity can Fig. 4 . Resonance wavelengths, Q-factors, and gain thresholds for each of the two modes of the system at different intercavity separations such as in Fig. 3 . The radius of one of the cavities (shown in red) is designed to be five percent larger than that of the other cavity (in blue). (a) Eigenmode wavelength, λ (b) the Q-factor and (c) gain threshold, g th . be shifted far enough away to prevent any significant coupling from occurring. Figure 4 depicts the λ, Q, and g th for the two modes supported in a dual-cavity system where the radius of one cavity has been designed to be 236.25 nm, exactly five percent more than that of its neighbor. Unlike in Fig. 3 , no pronounced split in any of the three quantities is observed, as d between the two size-mismatched cavities is decreased to zero. The values for Δλ, ΔQ, and Δg th when the shields of the respective resonators are in contact with each other are 52.5 nm, and 157 and 25.15 cm −1 , respectively, the latter two of which are much smaller in comparison to the previously mentioned values for these quantities for the case of two equal-sized cavities. The greater difference in Δλ in the sizemismatched case is due to the size detuning of one of the cavities and not to coupling. This becomes evident when by comparing d 0 nm with d 60 nm in Fig. 4(a) , the change in Δλ is only ∼3.3%, whereas for the case of equal-sized cavities shown in Fig. 3(a) , the change is many times more pronounced at 2650%. Thus, implementing a slight design change results in the dual system exhibiting only independent lasing modes, instead of any coupled supermodes, regardless of the distance separating the nanocavities.
To conclude, we analyzed a system of two spatially close metallo-dielectric nanolasers and demonstrated coupling upon reducing the separation between them. A split observed in both resonant wavelengths, λs, and the Q-factors of the two modes for intercavity separations below 50 nm is akin to bifurcations observed in coupled cavities on the micron scale. The fact that inter-cavity separations needed to observe coupling for metallodielectric nanolasers (<50 nm) is much smaller than the μm scale distances needed in non-metal based cavities further strengthens their viability for dense on-chip integration. The increasing difference between the wavelengths and quality factors of the two modes is caused by the creation of anti-bonding and bonding states due to evanescent electromagnetic field interaction outside the gain media of the resonators. If the primary purpose for such nanoscale light sources is dense integration on chip, then preserving the independence of each emitter is of paramount importance to allow control over one's emission behavior without interfering in that of its neighbors. To eliminate the two supermodes, a method of shifting the resonance of one of the cavities by altering its radius by five percent of that of the other cavity is presented. By doing so, albeit the resonances of the cavities were made to be dissimilar, a coupled supermode that essentially treats the system as one cavity was avoided. Such size-mismatched metal-clad nanolasers can be modulated independently without concern for crosstalk between components. Given that even with current state-of-the-art fabrication procedures slight fluctuations from the intended size are unavoidable, even two identical cavities may produce a size mismatch and, hence, not couple. Instead, the now disparate lasing wavelengths may prove to be useful for applications such as on-chip dense wavelength division multiplexing.
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